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Y THE TURN of the century,

nuclear power may generate
more than one-half of the electric
energy, and about one-third of the
total energy consumed in the United
States [Thompson, 1971; Chapman
et al, 1972]). By 2020, the total
quantity of high-level radioactive
wastes (HLW) generated as a by-
product of nuclear fuel reprocessing
for such power generation may total
about 900,000 m® as liquid or
70,000 m® as solid {Gera and Jacobs,
1972]; the radioactivity of long-lived
nuclides in the HLW will total about
8.7 X 10'® Ci [Gera and Jacobs,
1972]. (High-level wastes are defined
as wastes containing at least 1 Ci of
radioactivity per liter of liquid, or 70
Ci/kg of solid {American Institute of
Chemical Engineering, ANSI Stan-
dard N5.8-1967). Wastes from chem-
ical processing of irradiated nuclear
fuels typically} contain several hun-
dred to severfll thousand curies per
gallon [Fox, 1969]).)

Present U.S. Atomic Energy Com-
mission policy [Federal Register,
1970] on disposal of these wastes in-
cludes the following steps: interim
storage as liquid; conversion to solid;
interim storage as solid; transporta-
tion to, and storage or disposal in, a
federally operated surface or subsur-
face repository. Storage or disposal
must prevent contact of the nuclides
with atmosphere, biosphere, or
hydrosphere for periods of at least
one thousand to several hundred
thousand years. °%Sr gnd '37Cs,
which make up 99% of the projected
curie accumulation at ygar 2020
[Gera and Jacobs, 1972], haye rela-
tively short half-lives of 28—30 years
and decay to safe levels within about

1000 years, The longer containm
times are needed to permit decay tg'
safe levels of the long-lived trans.
uranic radioelements, namely
238py, 239p, 240p, 2415, and.
243 Am, with half-lives ranging fro;
about 85 to 24,000 years.

(If the toxic radioactive daughte;
of the listed transuranic elements
also considered, specifically th
daughter 237Np, containment tim
of millions of years may be requi
{Isaacson and Brownell, 1973
However, the total curie content ¢
these daughters after 500,000 y
is only about 107° that of the trax
uranic parents in the reprocess
waste [Eric Meyer, personal comma
nication, 1974]; accordingly, maXg%'
mum containment times of 500,099;;&
years only will be considered here}:

The term ‘storage,’ as used in the’
radioactive waste literature, impliég®:
that the waste can be retrieve:
should such a step be intended or'b
come necessary. In contrast, the term :
‘disposal’ implies placement withouf
future intent or possibility of -ré- -
trieval. The term ‘ultimate disposal''
is used by some workers to refer to’
two specific modes of HLW handling,
specificaly, the shooting of such
wastes into space or their transmuta-
tion to short-lived radioactive nuclei
by means of bombardment with
neutrons. An excellent recent review
of the contrasting philosophies of ra-
dioactive waste disposal is given by
Kubo and Rose [1973].

Numerous methods for the stor-
age or disposal of HLW have been
proposed in the last two decades,
e.g., storage or disposal on or be-
neath continental areas [National
Academy of Sciences--National Re-
search Council, 1957, 1966]; dis-
posal in the ocean bottoms, including
subduction zones [Slansky and
Buckham, 1969; Bostrom and Sherif,
1970; Francis, 1971; Silver, 1972];
ultimate disposal by shooting the
wastes into space [Slansky and




Buckham, 1969; Platt and Ramsey,
_1973]; and ultimate disposal by nu-
“ear transmutation of the long-lived
aclides to short-lived species [Greg-

=qry and Steinberg, 1967; Claiborne,

" 1972; Platt and Ramsey, 1973; Kubo
'md Rose, 1973]. Continental media
os methods mentioned in the litera-
tme as possible future HLW reposi-

*: tories include the following: bedded
"'allt and salt domes {National Acad-
emy of Sciences—National Research

. Council, 1970; Gera and Jacobs,
'1972; Blomeke et al., 1973]; brine

. aquifers [National Academy of Sci-

5 emces~National Research Council,

% 1957, 1966]; thick shale or clay

sequences [Gera and Jacobs, 1972;

Ferro et al., 1973]; tunnels or dry

- mines in granite or desert hills {Na-

. tional Academy of Sciences~

National Research Council, 1957,

iences—National Research Council,
966] ; river deltas [Zeller and Saun-
r3,..1972]; ice caps [Zeller et al.,

,3] surface storage in thick, air-
ater-cooled vaults [Szulinski et
973] ; incorporation in artificial
licate melts generated within nu-
chimneys [Cohen et al., 1971];
esert pyramids [Starr and Ham-
. 1972]. Research emphasis in
decade has gone principally
ard perfecting several methods
dification of the liquid wastes
neider, 1971; Mendel and
oy, 1972; Isaacson and
71, 1973] and for detailed
on of bedded salt [Bradshaw
McLain, 1971; Blomeke et al.,
73] as the preferred geologic
um for their disposal. The suit-
of the other cited geologic

The purpose of this paper is to
uate, in general terms, very thick
00-600 m) unsaturated zones
und locally in the Southwest as
tial repositories for HLW. The
turated zone, also commonly
etred to as the vadose zone or
one of aeration, comprises the con-
olidated or unconsolidated rocks be-
n the land surface and the water
le. Rocks within the unsaturated
contain interstitial water
ned hereafter vadose water) held
atly by capillary and molecular
: 01008. This water may range from a

few percent of the pore volume in

relatively porous and permeable
rocks, such as sand, gravel, and clean
sandstone, to as much as 90% of pore
volume in porous but poorly perme-
able rocks, such as clay, shale, clayey
sitstone, and zeolitized ash-fall tuff.
The water content of a given rock in
the unsaturated zone at a given time
is a function not only of physical
properties of the medium but also of
depth of burial, permeability of over-
lying and underlying strata, and
climate. The unsaturated zone is cur-
rently being used for the disposal and
storage of liquid and (or) solid low-
and intermediate-level wastes at
Hanford, Washington; Idaho Falls,
1daho; and other places. Use of these
zones as a repository for the storage
of solidified HLW has received only
parenthetical mention in the litera-
ture [National Academy of
Sciences—National Research Council,
1966; Merrit, 1967; Richardson,
1962], and the potential of very
thick unsaturated zones as reposito-
ries has received no discussion,
Before proceeding, the author
wishes to acknowledge that certain
of his colleagues believe that this
paper appears to advocate a single
and preferred method of HLW stor-
age, This is not the author’s intent.
However, storage in thick unsatu-
rated zones in arid regions may be a
potential alternative or supplement
to other methods, and accordingly it
merits preliminary evaluation and

possible further research. Indeed, the-

need for detailed study of alternate

.methods of HLW storage and dis--

posal has been stressed by Kubo and
Rose [1973] in their recent overview
of the nuclear waste situation.

Unsaturated Zone Storage
Unsaturated zones 100 m thick
are common in the Southwest be-
neath the upper reaches of piedmont
alluvial plains, and zones 100 to 600
m thick occur beneath mesas and pla-
teaus and even beneath some valley
floors, specifically valleys within the
interbasin groundwater flow province
of eastern Nevada [Winograd, 1961;
Winograd and Thordarson, 1974;
Eakin, 1966]. The great depth to
water table in these areas is due to a
combination of one or more factors,
including moderate to high relief,
ariq‘ity, relatively permeable rocks

within the unsaturated zone, and re-
gional aquifers with topographically
low outlets. Solidified HLW from
fuel reprocessing plants might be em-
placed in such thick unsaturated
zones in at least three ways: (1)
placed at the bottom of shallow
(30—40 meter) drill holes and back-

‘filled to the surface; (2) buried in

deep trenches; or (3) buried in the
floor or walls of tunnels driven into
the sides of mesas or plateaus. Place-
ment within shallow drill holes
would appear to minimize both cost
and disruption of the landscape, and
this mode of storage, illustrated in
Figure 1, is assumed hereafter. 1t is
also assumed that the HLW will be in
the form of a glass product of rela-
tively low solubility.

(The leachability of glassy and
microcrystalline HLW solids of
various compositions produced for
the USAEC in pilot plants ranges
from 107! to 1077 g/cm?®-day
[Schneider, 1971; Mendel and McEl-
roy, 1972]. Merrit [1967] reported
a leachability as low as 10!°
g/cm?-day for HLW in a nepheline
syenite glass, For comparative pur-
poses, the leachability of common
household Pyrex glass is about 5 X
107 g/fcm? day. The leachabilities re-
ported are to distilled water at 25°C
and would probably be one or more
orders of magnitude greater at tem-
peratures present at the surface of
buried waste canisters. In addition,
devitrification of some glasses results

‘in an increase in leachability of sev-

eral orders of magnitude [Mendel
and McEilroy, 1972). Considerably
more laboratory work appears man-
datory for predictions of the change
in leachability of glassy solids left in
the unsaturated or saturated zones
for even relatively short periods of
10100 yrt.)

Emplacement by any of the cited
methods is tentatively considered to
be storage, because it offers the pos-
siblity of retrieval in the event of a
design miscalculation or development
of a superior storage or disposal
scheme. Disposal in salt, by contrast,
is for practical purposes generally
considered to be irretrievable [Gera
and Jacobs, 1972, p. 17], as is dis-
posal by means of most of the deep
disposal methods listed above.

An evaluation of the unsaturated
zone as a medium suitable for long-
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Fig. 1.

Diagrammatic representation of storage of solidified high-level wastes at bottom

of hole drilled 30 m into the unsaturated zone and pattern of movement of deep
infiltration. Arrows indicate movement of the vadose water around, rather than into, the
gravel pack owing to the higher interfacial tension of the fluid in the finer-grained host

rock than in the gravel.

term storage of HLW must consider
(1) the likelihood that the wastes will
be dissolved and carried to the water
table during present or pluvial cli-
mates; (2) the likelihood of the
wastes being inundated by a rising
water table, or the surface of the
storage field being inundated by a
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lake during return of pluvial climate;
(3) the degree to which the wastes
are protected from exhumation by
erosion during the next 10° to 5 X
10° yr; (4) the effects of a strong
heat source upon vapor and water
movement in the unsaturated zone,
upon the waste canisters, and upon

density of plant life at the surfa
and (5) logistical and economic
siderations vis-d-vis other pro
storage schemes. Such an evaluatio
requires a synthesis of pertinent da;
and notions from many fields,
which hydrogeology, paleoclimatof
ogy, geomorphology, pedology
physics of unsaturated flow, ion e;
change and glass chemistry, physi
of heat flow, radioactive waste di
posal technology, and public rel
tions are the most important,
Hydrogeologic, geomorphic, an
paleoclimatic controls on unsatus
rated-zone storage are stressed in th
paper; other equally important 3
pects of such storage are only ouf
lined or omitted. Thus the synthes
is incomplete. Moreover, hydroged
logic data for the unsaturated zos
are meager. Accordingly, the evak
tion should be considered only asa
overview of the potential assets:
liabilities of thick unsaturated zo
as HLW repositories, Despite’
admittedly preliminary nature,
evaluation presented is believed to
timely in view of recent recof
mendations for study of new HLW¥
handling schemes [U.S. Atomic:
Energy Commission, Press Rele
P-143, May 18, 1972; Kubo and"
Rose, 1973]. ;

Assets of Unsaturated-Zone Storage

Hydrogeologic and logistical facs
tors seemingly favorable to the utib:
zation of thick unsaturated zones of -
the Southwest as repositories for
HLW storage include (1) the prob-

' able absence of an effective mecha-

nism to dissolve and transport the
radionuclides to a deep water table
under present climatic conditions,
(2) probable protection from ex-
humation by erosion in a time frame
of several thousands of years, (3)
availability of remote federally
owned lands with saitable unsatu-
rated zones, and (4) relative ease of
placement and retrieval. These are
examined below.

Hydrologic, geomorphic, and
pedologic evidence suggest that little
or no recharge (namely, infiltration
of precipitation to the water table)
occurs beneath interfluves (inter-
stream areas) in the arid and semiarid
portions of the Southwest under
present climatic conditions. (Pluvial



conditions are discussed below.) In
& many places in the Southwest, evapo-
mtion from free water or class A-pan
. surfaces exceeds precipitation by 4
to as much as 20 times [Environ-
mental Sciences Services Administra-
* tion, 1968]. Although this in itself
does not rule out periodic recharge
by seepage along major arroyo bot-
toms, deep infiltration beneath
* closed depressions (such as abound in
3 the southern High Plains), or precipi-
%~ tation directly entering outcrops of
- aquifers in mountainous areas, it
" does suggest that deep infiltration,
‘* leading to recharge on interfluves
%" within the arid zone, is in general
. very small, if it occurs at all. A few
% studies of soil moisture content and
~moisture budgets for the semiarid
zone soils support this notion
. [Arkley, 1963; Aronovici and
Schneider, 1972; Abrahams et al.,
1961; 1. Remson, personal communi-
cation, 1972]. However, to prove or
disprove the occurrence of any re-
charge from precipitation falling on
arid or semiarid zone interfluves at
any given site would require measure-
ment of ambient soil moisture and
one or more potentials (matric, gravi-
tational, osmotic, and pneumatic)
affecting unsaturated flow.
» To my knowledge, such field mea-
surements have seldom been at-
tempted for depths below those of
interest to agronomists, usually up to
k200 cm. However, where detailed
dies have been made, there is a
{rong indication that recharge events
§ are not common. Detailed studies by
Freeze and Banner [1970] on the
lemiarid prairies of Saskatchewan
using tensiometers, neutron meters,
-and piezometers indicate that rela-
.tively intense rains (about 10 cm/2
days) may or may not cause infiltra-
tion to the water table dependent
pon depth to water table, anteced-
. ent soil moisture conditions, and
position in the regional groundwater
" flow system. Potential evapotranspi-
" ration on the Saskatchewan plains is
only 30% greater than annual preci-
" pitation, which is about 41 cm, and
water table depths in the study area
varied from 1 to 4 m. fsaacson et al.
[1974] measured variations in
tritium, water potential, and temper-
ature in the unsaturated zone to
depths of up to 92 m (the water
table) at Hanford, Washington. Their

- work indicates that the fraction of

annual precipitation (16 cm) that in-
filtrates to depths of up to 7 m
during the wet winter months is re-
moved by evaporation and evapo-
transpiration during the summer.

The formation of widespread
pedogenic caliche in the arid and
semiarid zones of the world also
strongly suggests that precipitation
only penetrates a few feet into the
ground in such regions prior to evap-
oration and deposition of CaCO,
[Arkley, 1963; Brown, 1956; Reeves,
1970; Flach et al., 1969; Gile et al.,
1966; Gardner, 1972]. Evidence that
moisture from precipitation or
streamflow never penetrated below
the root zone in certain widespread
alluvial-fan deposits, even during
times of glacial and lacustrine expan-
sion during the Pleistocene in central
California, is presented by Bull
[1972].

The above cited studies, involving
several independent lines of evidence,
suggest that in much of the South-
west, infiltration of precipitation on
interfluves rarely reaches water tables
of even intermediate depth (10—100
m). Admittedly, the studies cited are
few, and the degree to which their
conclusions are transferable to condi-
tions at a specific storage site will
depend on the degree of similarity in
hydrogeologic, geomorphic, pedo}-
ogic, and climatic conditions,

Granting that recharge to inter-
fluves appears to be rare under pres-
ent climatic conditions, periodic

- deep infiltration—perhaps following

the successive occurrence of several
low-intensity, long-duration rainfall
events, the shift of a major arroyo
over a part of the storage field, or the
movement of infiltration by means
of fractures in the soil zone or bed-
rock—cannot be ruled out. Contact
of such infiltrating water with the
waste canisters should in principle be
preventable if the canisters are sur-
rounded by a well-sorted gravel pack
that is considerably coarser than the
host rock at depth of burial (Figure
1).

The role of the gravel pack is as
follows. In contrast to saturated
flow, wherein water in fine-grained
sediments can move into adjacent
coarser and more permeable strata, in
unsaturated flow the reverse occurs.
Water is drawn more strongly into

the finer than into the coarser sedi-
ment, It has been demonstrated both
in the laboratory and in the field that
nearly saturated fine-grained sedi-
ments can overlie or even surround
dry coarse sands or gravel lenses
[Corey and Horton, 1969; Horton
and Hawkins, 1965; Miller, 1969;
Palmquist and Johnson, 1962, also
unpublished data, 1960; Rancon,
1972; Stuart and Dixon, 1973]. No
water will enter the coarser sediment
until the finer-grained sediment is
nearly or completely saturated. More
correctly, drainage into the unsatu-
rated coarser stratum would begin at
the saturation level at which gravita-
tional forces exceed interfacial ten-
sional forces. In fine-grained sedi-
ments adjacent to well-sorted gravel,
this saturation level may approach
complete saturation before drainage
occurs. Differences in moisture ten-
sion (also called matric potential) are
responsible for this behavior. By
placing the waste canister in a well-
sorted gravel that is much coarser
than the adjacent natural material,
the higher moisture tension in the
finer material should prevent contact
of vadose water (in the event of deep
infiltration) with the canister until
such times as the surrounding
stratum is nearly saturated.

If vadose water should still some-
how periodically contact and dissolve
radionuclides—for example, in the
absence of a gravel pack and follow-
ing corrosion of the steel canisters
and unusually deep infiltration—two
other - major buffers would retard
movement of dissolved nuclides to
deep water tables. Sorption proc-
esses, including ion exchange, consti-
tute the first buffer. Admittedly, the
effectiveness of such a buffer is a
function of numerous variables and
will be difficult to evaluate quantita-
tively. Moreover, because of ‘the par-
titioning of dissolved nuclides be-
tween mineral phases and vadose
water, some fraction of the dissolved
nuclides will reside in the vadose
water should such water ever reach
the water table. Yet the surface area
available for sorption in granular
rocks comprising an unsaturated
zone several hundred to possibly as
much as 600 m thick is enormous.

The thickness, and stratification
of the unsaturated rocks potentially
constitute a second major buffer
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to the movement of a wetting front
from the waste canisters to the wa-
ter table, Differences in bulk capil-
larity between strata comprising the
unsaturated zone would favor hori-
zontal and retard vertical distribution
of vadose water for the same reasons
outlined in the discussion of the role
of the gravel pack.

The possibility of exhumation of
buried HLW by erosion in the next
10* to 5 X 10° years has to be con-
sidered thoroughly. Schumm [1963]
reports average denudation rates for
arid and semiarid terrane of 9—18
cm/1000 yr for drainage basins
80—4000 km? in area. Considerably
higher rates occur in rugged moun-
tainous terrain and badlands, but
undoubtedly much lower rates exist
on mesa and plateau surfaces owing
to cap rock hardness and low relief
length ratios, Using the cited average
values, the time needed to remove 20
m of overburden would vary from
about 100,000 to 200,000 yr. Slope
retreat rates have been variously esti-
mated as 0.1 to 4 m/1000 yr [Mel-
ton, 1965; Schumm and Chorley,
1964; Carson and. Kirby, 1972;
Purtymun and Kennedy, 1971;W. B.
Bull, personal communication,
1972], with values under 2 m/1000
yr more probable; thus waste canis-
ters buried 1000 m from the edge of
a scarp should not be exhumed by
slope retreat in the next 500,000 yr,
granting tectonic stability. .

Thus it is probable that unsatu
rated-zone burial sites can be found
that will protect HLW from exhuma-
tion for a period of 1000 yr, a time
adequate to permit the decay of *2Sr
and '37Cs, which constitute 99% of
the long-lived nuclides in fuel-
reprocessing wastes, and most likely
for a period of several tens of thou-
sands of years. The probability for
containment for periods of sufficient
length to permit decay of all the
transuranic elements, namely periods
of several hundred thousand years, is
small, and an estimate of this proba-
bility, if one could be made, would
require detailed evaluation of the tec-
tonic as well as the geomorphic his-
tory of target areas.

Use of denudation rates in a
safety analysis of a burial site is on
the one hand a conservative approach
in that it emphasizes principally ero-
sional processes. Work by - Gile

[1970), Hawley and Kottlowski
[1969], and Ruhe [1967] and stud-
ies of caliche genesis cited earlier sug-
gest that depositional processes are
also at work tending to stabilize
certain geomorphic surfaces of the
Southwest, for example, the aggrada-
tional processes responsible for many
caliche deposits. Therefore a synthe-
sis of both .denudation (including
scarp retreat) and aggradational rates
would give a more realistic picture of
the stability of a given geomorphic
surface. On the other hand, use of
measured erosion rates to determine
the extent of denudation during a
time frame of 10 to 5 X 10° yr is
very risky because of the potential
marked effects of uplift (by folding
or faulting), or subsidence, on ero-
sion rates. Some uncertainties pres-
ent in determination of present
erosion rates have been summarized
by Wilson [1973].

The problem of predicting denu-
dation and scarp retreat rates might
be largely avoided in the short term
(10°-10* yr) by consideration of
burial sites beneath aggrading por-
tions of piedmont alluvial plains
within topographically closed basins.
As mentioned previously, water table
depths beneath certain siuch valleys
in the Southwest, particularly in east-
ern Nevada, range up to 600 m below
land surface [Winograd and Thordar-
son, 1974; Eakin, 1966] . Valley sites
chosen would, however, have to be
located higher on the piedmont allu-
vial plains than the spill point of pos-
sible pluvial lakes (see below).

In summary, the principal factors
seemingly providing isolation of so-
lidified HLW buried in thick unsatu-
rated zones from the hydrosphere or
biosphere include (1) paucity of deep
infiltration leading to groundwater
recharge under present climatic con-
ditions, (2) presence of a gravel pack
around the waste canisters to prevent
contact of vadose water with the
solid wastes, (3) sorption processes,
particularly when considered in light
of rarity of elution events and large
thickness of the unsaturated zone,
and (4) certain protection from ero-
sion for a period of 1000 yr and
likely protection for a period of sev-
eral tens of thousands of years. The
above conclusions were arrived at
principally on the basis of literature
review. The degree to which they

apply to rocks comprising the un-
saturated zone at a specific site in the
Southwest can, of course, only be de-
termined by detailed study.

A major consideration in selection
of a HLW repository is public reac-
tion to the proposed storage or dis-
posal, Areas remote from major
population centers and not support-
ing viable farm, ranch, or mining
economies are likely, other safety
considerations being equal, to be
more readily acceptable to the public
as HLW repositories than areas not
having such characteristics. Vast
tracts of federally owned land in the

Southwest have been closed to the
public for two to three decades

owing to their use as bombing and
gunnery ranges, rocket development
and test ranges, or nuclear test sites,
Portions of these tracts contain ex-

tensive thick unsaturated zones and

constitute attractive targets for HLW
storage. The Nevada Test Site in °
southern Nevada, used for two de-
cades for testing of nuclear weapons,
is an example of an area that might -
be acceptable to the public by virtue

of this prior history. Large mesas or. '

plateaus are absent within the Ne-
vada Test Site, but thick (150-600
m) unsaturated zones occur beneath
the valley floors [Winograd and
Thordarson, 1974]. In addition, a
thick (50—300 m) aquitard (stratum .
of very low permeability), composed .
principally of clay and zeolite min-
erals, separates the unsaturated zone
from the principal regional aquifer of
the area [Winograd and Thordarson,
1974], thus providing an additional
measure of safety against ground-
water contamination in the event of
deep infiltration. Logistically, this
test site appears suited for receipt of’
solidified HLW from fuel-
reprocessing plants built in the
Southwest or Northwest. A main
branch of the Union Pacific Railroad
runs through Las Vegas, Nevada, 97
km (60 mi) from the site, and a four-
lane highway connects the city to the
site,

A final possible logistical and
safety asset of shallow storage in the
unsaturated zone involves relative
ease of emplacement or retrieval of
the HLW if such a course of action
should become necessary, for exam-
ple, in the event of a design miscalcu-
lation or the development of a supe-




rior storage or disposal scheme.
" Drilling of 1 m (or larger) diameter
smplacement holes can readily be
accomplished with modern large-
diameter hole-drilling equipment, as
can the task of placing a gravel pack.
Retrieval, if needed, will be more dif-
ficult but might be accomplished by
-. reaming the hole to the top of the
canister and then retrieving the canis-
ter and gravel pack simultaneously
by .means of a specially designed core
barrel.

Complications exist, of course.
First, the lifetime of the steel canis-
ters placed at depths of 30—40 m in
an unsaturated zone is unknown. Al-
though the canisters will be buried at
depths below significant seasonal var-
iations in moisture content and tem-
perature, the effects of several hun-
dred degree Celsius heat flux on the
integrity of the canisters in this envi-

could disintegrate in a few decades.
Second, it is estimated that by the
“year 2010, 75,000 HLW canisters
each 3 m long and 30 c¢m in diam-
eter) will need burial [Blomeke and
Nichols, 1973). If these canisters
were to be buried 1 to a hole and the
holes were drilled on 30-m centers,
“an area of about 8 X 8 km would be
. needed; if they were drilled on 15-m
centers, an area of about 4 X 4 km
would be needed. The capacity of a
‘ given area might be doubled or
tripled, however, by placing 2 or 3
canisters per hole at depths deter-
mined by heat dissipation considera-
jons. In any event, drilling of such
e numbers of holes, with concom-
ant disruption of the surface, might
Measurably increase both erosion and
infiltration rates at the site. .
Third, after placement of a few
thousand canisters, it may be argued
that a distinction between storage
"and disposal is misleading, because
even granting accessibility, it is im-
probable that the canisters would
ever be removed. These caveats not-
withstanding, the advantage of shal-
low emplacement vis-dvis deep
disposal is simply that during the
first few decades of HLW handling—a
time in which, presumably, consider-
able experience will be gained—the
proximity of the wastes to the sur-
face would facilitate excavation if
such a step should become necessary
for whatever reason,

“ronment is unknown; the canisters

Liabilities of Unsaturated
Zone Storage

Potentially serious liabilities of
unsaturated zone storage include (1)
the necessity and difficulty of guar-
anteeing that the wastes will not be
exhumed by erosion during the next
several hundred thousands of years,
the time needed to permit decay of
the longer-lived transuranic elements-
(namely, 238°240py 2414 apd
243 Am); (2) the necessity and dif-
ficulty of predicting the effects of a
return of phavial climate upon the
proposed storage scheme; (3) the
complexity of processes in, and dif-
ficulty of in situ measurements of
unsaturated flow parameters for, an
unsaturated stratified medium; (4)
evaluation of stresses created by the
radiogenic heat both within and on
the surface of the unsaturated zone;
and (5) necessity of protecting the
surface of the burial area. The first
listed Hability was discussed previ-
ously; the remaining omnes are dis-
cussed below.

To evaluate isolation of the wastes
from the hydrosphere and biosphere
during a time frame of 10> to 5 X
10° years, or even during the next
few hundred years, estimates must be
made regarding changes in recharge
rates, position of water table, and
erosion rates if the climate should be-
come much wetter than at present,
namely, in the eventuality of a return
to pluvial climatic conditions. Such
estimates, given below, are based in
part upom inferred climatic condi-
tions in previous pluvial periods, but
they offer no guarantee that the next
pluvial will not be considerably wet-
ter than previous ones [Kukla and
Matthews, 1972].

(Although many Quaternary geol-
ogists expect the present interglacial
epoch to end perhaps within the next
few millennia or even centuries, the
possibility that man’s modification
of climate may partly override such
an occurence cannot be ignored
{Budyko, 1972]. For the purpose of
this safety analysis, we assume that
pluvial climatic conditions may reoc-
cur in the Southwest during contain-
ment of the HLW.)

Geomorphic evidence for the exis-
tence of numerous lakes and paleo-
botanical evidence for the depression
of vegetation zones 300-1000 m
during the pluvial periods are well

documented in the Southwest
[Mehringer, 1965; Mehringer and
Ferguson, 1969; Van Devender and
King, 1971; Wells, 1966; Wells and
Berger, 1967]. Whether these fea-
tures principally reflect increased
precipitation, decreased evaporation,
or some combination of the two is
under debate {Leopold, 1951; Gal-
loway, 1970; Reeves, 1966, 1973,
Snyder and Langbein, 1962]. Re-
gardless of the outcome of this de-
bate, the available paleoecological
and pedologic evidence suggests that
areas of low and intermediate alti-
tudes in much of the Southwest—
excluding major uplands such as the
Colorado Plateau and portions of the
northern Great Basin—probably were
still partly semiarid during the plu-
vials. Palecbotanical evidence for the
Mohave Desert suggests that areas
below about 800 m altitude were still
partly semiarid during the last pluvial
(P.J. Mehringer, Jr., personal com-
munication, 1972). Pedological,
hydrological, and paleontological
evidence suggests the possibility of
semiarid conditions at altitudes as
high as 1300 to perhaps 1900 m in
the northern Great Basin of Nevada
and in central New Mexico [Birke-
land, 1969; Snyder and Langbein,
1962; Harris and Findley, 1964). In
west Texas, by contrast, subhumid
conditions may have existed [Reeves,
1973]. It is probable that during the
pluvials, as today, climate in the
Basin and Range province varied not
only with latitude and altitude but
also with longitude (reflecting prox-
imity to the Sierra Nevada rain
shadow). '

If detailed studies conclude that
unsaturated-zone storage is accept-
able under present climatic condi-
tions, it may also be adequate under
pluvial conditions, provided that
future pluvials are not considerably
wetter than past ones and provided
that precautions are taken in site
selection. For example, sites on
Jower portions of valley floors within
topographically closed basins would
be avoided regardless of the present
depth to water table or aridity lest
the storage site be flooded by a fu-
ture pluvial lake. Similarly, given two
mesas with identical depths to water
table but with a 1000-m difference in
cap rock altitude, the lower mesa
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(presumably receiving less precipita-
tion) would be a preferred choice to
assure a dryer storage environment
during return to pluvial conditions.

Regarding possible inundation of
buried wastes by a rising water table
during pluvial times, the following
general comments are in order. Un-
doubtedly, the water table fluctuated
during the Pleistocene in response to
climatic changes. However, the mag-
nitude of water table rise beneath a
mesa or valley floor is a function not
only of recharge amounts but also of
(1) hydrogeologic boundary condi-
tions, principally relief; (2) distribu-
tion of permeability and porosity
within the flow system; and (3) posi-
tion within the flow system. In semi-
arid areas with moderate relief,
perhaps 150—600 m, the three listed
factors often completely overshadow
climate as a control on depth to
water. This is clearly seen in some of
the valleys of eastern Nevada where
water table depths vary from 30 to as
much as 600 m beneath adjacent val-
leys [Winograd and Thordarson,
1968] receiving comparable precip-
itation. Even in humid climates, deep
water tables are common in terrane
combining relief with rocks of mod-
erate permeability (within the unsat-
urated zone). Accordingly, the likeli-
hood that solidified HLW buried at
shallow depths beneath carefully
selected mesas, plateaus, or valleys
will be inundated by a rising water
table appears remote even if the cli-
mate of a future pluvial time should
approach subhumid conditions.

Even in the presence of subhumid
pluvial climate, several factors pre-
viously discussed would certainly
retard, and possibly prevent, the dis-
solution and transport of radio-
nuclides to the water table. These
factors are (1) the gravel pack sur-
rounding the waste canisters, (2)
sorption processes, (3) the great
depth to water table, and (4) the af-
fect of stratification on retarding
vertical flow in an unsaturated en-
vironment. (Admittedly, stratifica-
tion might also lead to creation of
perched zones of saturation.)

Schumm’s [1963] data on denu-
dation rates of modern drainage
basins receiving different amounts of
precipitation offer some insight to
expectable changes in erosion rates
during a pluvial period. His data sug-
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gest that erosion rates in semiarid
areas are somewhat higher than rates
in the arid zone and considerably
higher than rates in humid terrane.
The range of average denudation
rates cited and utilized previously,
namely, 9—18 cm/1000 yr, included
the highest rates reported by
Schumm for any climatic setting.
These rates should therefore also be
representative of possible pluvial ero-
sion rates,

The complexity of unsaturated
flow processes in porous media, the
difficulty of in situ measurement of
parameters characterizing these pro-
cesses (particularly at depths in
excess of a few meters), and the
common heterogeneity of sedimen-
tary rock constitute another major
lability to use of the unsaturated
zone, Unsaturated moisture flow is
governed not only by the well known
capillary (or matric) and gravitational
potentials, but also. by osmotic and
pneumatic potentials [Nielsen et al.,
1972]. These potentials are complex
functions of three-dimensional varia-
tions of water content, gas content,
grain shape and size distributions,
water chemistry, mineralogy, and
temperature. Measurement of these
potentials is extremely difficult, par-
ticularly when pore water content is
a fraction of pore volume, the prob-
able case in thick unsaturated zones
of the Southwest. Interpretation of
measurements may be further com-
plicated by coupling of the poten-
tials. Moreover, the sedimentary
rocks comprising the unsaturated
zone are layered and often heteroge-
neous, even within a single stratum.
In a word, prediction and field mea-
surement of vadose water flow
through even the upper few tens of
meters of a thick unsaturated zone
will be extremely difficult, and the
transference value of detailed studies
at a site will be limited. Yet a predic-
tive capability is needed in order to
evaluate the effects of possible
stresses induced in the unsaturated
zone by the placement of a major
heat source. We turn next to an out-
line of such possible stresses.

Analyses of possible adverse (or
favorable) stresses induced by radio-
genic heat from HLW will probably
be one of the most difficult, time-
consuming, and costly parts of a
detailed evaluation of unsaturated-

zone storage. Factors that appear
paramount and differ in type from
heat flow related problems of dis.
posal in bedded salt include the fol-
lowing: '

1. The thermal conductivity of:
rocks that make up the unsaturateqd
zone varies widely and is_consider.
ably less than salt. The thermal cop.
ductivity of porous media within the
unsaturated zone may range from 0.5
X 10% cal/cm sec °C for dry. ak
luvium to 6 X 1073 calfcm sec °C for
dry sandstone; these values are about
1/30 to 12 that of rock salt with an
average conductivity of about 14.5
103 calfem sec °C [Clark, 1966]:
The lower conductivity of rocks
commonly found in the unsaturated
zone will undoubtedly necessita;
longer surface storage of the HLW
prior to emplacement, smaller canis-
ters, or wider space between waste
canisters than would disposal ‘in
bedded salt. S

2. Difficulty of predicting th
fects of heat transfer in media in
which, unlike bedded salt, there is
convection as well as conductio
Related problems include determing-
tion of the region in which there may .
be condensation of water vaporized =
in the vicinity of the canisters, pos-
sible creation of a gas drive and the
significance of such a drive in moving -
moisture in the unsaturated .zone;
and effects of dry and wet steam (if -*
any) on the canisters and glassy
solids containing the HLW. -

3. Magnitude of dehydration ef-
fects in fine-grained strata through
loss of water of crystallization. Mag-
nitude of the attendant volume
change and cracking if dehydration
occurs.

4. Effect of heat on density of
surface vegetation and subsequently
on rates of denudation by means of
deflation as well as by surface runoff.

Despite the above outlined
caveats, the influences of intense
heat flow need not necessarily be
detrimental to unsaturated-zone stor-
age. It is possible, for example, that
the net effect of the heat will be to
significantly increase evaporation
from the upper several meters of un-
saturated zone, thereby precluding -
any deep infiltration. Similarly, un-
saturated moisture flow should be
away from the canisters. In any
event, to the extent that such heat




ill keep moisture from the canis- -

ys, its effectiveness will decrease
% the decay of °°Sr and '37Cs,

ch constitute 99% of the initial
urie content of HLW but which pro-
uce 90% of their total heat within
bout 100 yr. .

In summary, the pnnc:pa] tech-
ical liabilities of unsaturated-zone
torage appear to be two: (1) the
rossibility of exhumation of the
vastes by erosion.prior to decay of
d} the transuranic elements to safe
evels and (2) the considerable re-
#arch effort that appears mandatory
‘0 evaluate response of the unsatu-
rated zone to emplacement of a
major heat source. The other listed
potential liabilities appear negligible
by comparison.

Unsaturated Zone Storage Versus
Surficial Storage and Deep Disposal
Storage of HLW at relatively shal-
low depths in thick unsaturated
zones—if not precluded by heat dis-
sipation and other constraints out-
lined above—appears to have some
advantages vis-a-vis surficial storage
*n air- or water-cooled concrete
tlts, on the one hand, and deep
disposal in bedded salt or other geo-
logic media on the other hand.
“- The principal asset of unsaturated
zone storage vis-d-vis surface storage
in concrete vaults is the absence of a
_heed for intense surveillance to guard
“against vandalism, sabotage, theft, or
.fhe blundering of unaware descend-
;qts Some surveillance of an unsatu-
“Tatedzone burial site undoubtedly
would be necessary, but it would be
nominal by comparison with surface
storage. Care would have to be taken,
for example, to prevent intentional
- ponding of water, deep excavation,
. drilling, and irrigation by our de-
scendants for up to a thousand years
(see below). But the aridity, great
depth to water table, and topography
" (in the case of mesas and plateaus)
would in themselves discourage such
activities even in the absence of sur-
veillance. Surprisingly, the necessity
for surveillance applies even to deep
disposal in bedded salt [Weinberg,
1972]. The utilization of nuclear
wigy assumes a high degree of
Jcial responsibility for centuries to

millenia regardless of storage or dis-

posal method used.

(Disposal of HLW in bedded salt is
often described as providing isolation
of such wastes into perpetuity with-
out need for surveillance. However,
when one talks of isolation of HLW
for periods of several hundred thou-
sands of years, it is clear that some
surveillance is mandatory. For exam-
ple, nominal surveillance of the sur-
face over the bedded salt- used will
always be needed to prevent acciden-
tal drilling into the HLW [Weinberg,
1972}. Similarly, protection against
flooding of the shaft by surface
waters or by groundwater leakage
from overlying aquifers [in event of
deterioration or cracking of the grout
separating these aquifers from the
shaft] will also be required until such
time as each shaft is backfilled to the
surface.) -

The principal assets of shallow
storage in the unsaturated zone vis-
avis deep disposal in bedded salt or
other geologic media are twofold: (1)
relative ease of retrievability and (2)
placement up to 600 m above rather
than below the water table. The
proximity of the waste canisters to
the surface (30—40 m) offers the
possiblity of relatively easy monitor-
ing and retrieval in the event of a
major design miscalculation or of the
development of a superior storage or
disposal scheme. Retrievability from

bedded salt, by contrast, would be -

extremely difficult owing to the lim-
ited life (6 months to a few years) of
steel canisters placed in salt [Gera
and Jacobs, 1972, p. 17]. (As was
mentioned previously, the expectable
lifetime of steel canisters placed in
the unsaturated zone is not known.

Regardless of canister lifetime, how-

ever, proximity of the wastes to the
surface would facilitate excavation
and removal should such a step ever
become necessary.)

Gera and Jacobs [1972, p. 17]
state: ‘Disposal in salt should really
be considered as ultimate. If the
waste management scheme must in-
clude retrievability as a necessary
condition, some alternative to salt
disposal should be investigated.’

Disposal in nuclear cavities
[Cohen et al. 1971] is also irretriev-
able, as is ice cap disposal {Zeller et
al., 1973].

Placement of solidified HLW hun-
dreds to perhaps as much as 600 m
above the water table in an arid to

semiarid environment appears to
offer an important safety ad-
vantage—in the event of a major de-
sign miscalculation, accident, or
earthquake—over deep disposal in
bedded salt or other media under-
lying freshwater aquifers, It is true
that salt is easy to mine, is plastic
(namely, self-sealing if fractured),
and by its very existence indicates
the absence of circulating ground
waters in the geologic past. But, as
was pointed out by Kubo and Rose
[1973, p. 1207], “... these advan-
tages are two-sided, for the very fra-
gility (vulnerability to water) of the
geologic structure is used as an ar-
gument in its favor, and the demon-
strated stability refers only to past
time, and not to the future, when
conditions will likely be different,

~We may mistake an indicator of past

quality for a substantive future prop-
erty.” They state further (p. 1207):
‘The long-term safety of the project
depends on preventing the intrusion
of water into the salt beds by any
means. This could occur by natural
means such as erosion, failure of
overlying or underlying shale beds,
boundary dissolution, and by man-
induced means such as-well borings.’

As was suggested previously, great
care will have to be taken to prevent
possible flooding of the shaft (lead-
ing to the salt) by surface waters or
by groundwater leaking through the
grout curtain separating the shaft
from the aquifers overlying the
bedded salt. Disruption of the grout
curtain by an earthquake prior to
sealing of the shaft might, for exam-
ple, result in rapid flooding of the
repository. Prediction and control of

groundwater entry and exit from a .

nuclear cavity, in which Cohen et al.
[1971] propose to incorporate HLW
in silicate rocks by self-boiling, ap-
pears unlikely and risky, because of
(1) the fractures created by the nu-
clear detonation and (2) the diffi-
culty of emplacement and sealing of
postshot drill holes. By contrast, a
design flaw, accident, or earthquake
is unlikely to result in flooding of an
unsaturated zone HLW repository by
either ground or surface waters.
Ponding of water would, of course,
follow a major earthquake at an un-
saturated-zone site owing to disrup-
tion of site topography, and fissures
would permit contact of water with
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some canisters, but no massive dis-
solution of rock would occur, and
open fissures would eventually be
sealed by siltation, if not by man.
The major liability of unsaturated
zone storage vis-a-vis deep disposal in
bedded salt or other deep media is
the possibility of exhumation of the
wastes by erosion prior to decay of
the transuranic elements to safe
levels. Deep disposal clearly offers a
much higher probability of contain-
ment of the HLW against exhuma-
tion for the necessary several
hundred thousand year decay time.
Removal of the transuranic elements
from HLW is clearly mandatory prior
to serious consideration of thick un-
saturated zones as HLW repositories.
Separation of the transuranic
elements from the fission products in
HLW is now under study as a long-
term waste management method
[Gregory and Steinberg, 1967; Clai-
borne, 1972; qutt and Ramsey,
1973; Kubo and Rose, 1973]. The
incentive for such removal was suc-
cinctly stated by Kubo and Rose
[1973, p. 1208], *... removing the
actinides [namely, the transuranic
elements plus elements 89—92] turns
a million-year problem into a
700-year one.” The separated trans-
uranic elements would be (1) trans-
muted to short-lived species by recy-
cling, a procedure considered to be
economically feasible by Kubo and
Rose [1973]}, or (2) disposed of ex-
traterrestrially [Platt and Ramsey,
1973]. When and if chemical separa-
tion of the transuranic elements from
the HLW becomes a reality, storage

in the unsaturated zone would ap-
pear to be an attractive compromise
between surface storage and deep dis-
posal.

Conclusions

A comparison of the principal
assets and liabilities of unsaturated
zone storage is given in Table 1. Be-
cause of ‘the several hundred thou-
sand years needed for decay of the
transuranic elements, the first two
listed liabilities effectively preclude
use of thick unsaturated zones as
HLW repositories. Removal of the
transuranic elements from HLW (and
their disposal by recycling) might, on

. the other hand, make unsaturated-

zone-storage an attractive compro-
mise between surface storage in
concrete vaults and deep disposal in
bedded salt or other geologic media.
Storage in thick unsaturated zones
appears suitable for isolating the

long-lived fission products *°Sr and

13705 from the hydrosphere and bio-
sphere for the 600—1000 yr néeded
for decay of these nuclides and in ad-
dition offers the possibility of rela-
tive ease of retrievability and only
nominal surveillance. But consider-
able research is mandatory to define

.ambient movement and content of

water and gases in common rocks
comprising thick unsaturated zones
of the Southwest and the response of
these rocks to emplacement of a
major heat source, Indeed, thick un-
saturated zomes beneath deserts of
the world (some possibly overlying
tectonically stable platform areas)
constitute unused space with a po-

TABLE 1. Comparison of Some Assets:and Liabilities of Thick Unsaturated Zones as
Repositories for Solidified High-Level Wastes

Assets

Liabilities

Exhumation of wastes by erosion
unlikely in time frame of 10*—10*
years.

Transport of dissolved
radionuclides to deep water tables
unlikely under present climatic
conditions.

Potential availabilitf of remote
federal lands with thick unsaturated
zones.

Relative ease of placement and
retrieval in event of design
miscalculation or development of a
superior storage or disposal system,

Potential for exhumation of wastes by
erosion in time frame of 10*to § X
10° yr difficult to assess.

Potential for transport of dissolved
radionuclides to water table under

pluvial climatic conditions difficult
to assess.

Extensive field and laboratory studies
needed to evaluate stresses caused by
placement of major heat source in
unsaturated zone.

Nominal monitoring of surface of
storage site mandatory.
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e
tentially significant capacity to
buffer the environment against degra-"
dation by a variety of solidified toxic
as well as radioactive wastes. Yet to
date, few quantitative hydrogeologic
or geophysical studies have been :
made of these zones below a depth
of a few meters. '
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Low-Cost Group Air Fares:

to Sen Francisco

AGU and United Airlines have arranged for group air fares to the 1974 Fall Annual Meeting

Departures from other cities will be arranged if there is sufficient demand. Fares will be
approximately 25% lower than the regular coach roundtrip fares between these cities and San
Francisco. Since such discount fares as midweek excursions and family fares are no longer offered, R
these group fares represent the least expensive means of air travel to San Francisco.

AGU members and their families are eligible for the group fares. Group flight participants must '

leave together from the originating city but may return on their own from San Francisco, without

" regard to the schedules of the rest of the group. Departures will be on the afternoon of Wednes-

day, December 11, with arrival in San Francisco that evening; the 1974 Fall Annual Meeting begins
the next morning, December 12,

Wirite for full informationl Include your name and address, the city from which you will depart,

and the proposed number of people in your party. Send to: Group Flights, American Geophysical

Union, 1707 L St., N.W., Washington, D.C. 20036.




